Infection of Escherichia coli by the T7 phage leads to rapid and selective inhibition of the host RNA polymerase (RNAP)-a multisubunit enzyme responsible for gene transcription-by a small (∼7 kDa) phage-encoded protein called Gp2. Gp2 is also a potent inhibitor of E. coli RNAP in vitro. Here we describe the first atomic resolution structure of Gp2, which reveals a distinct run of surfaceexposed negatively charged amino acid residues on one side of the molecule. Our comprehensive mutagenesis data reveal that two conserved arginine residues located on the opposite side of Gp2 are important for binding to and inhibition of RNAP. Based on a structural model of the Gp2-RNAP complex, we propose that inhibition of transcription by Gp2 involves prevention of RNAPpromoter DNA interactions required for stable DNA strand separation and maintenance of the "transcription bubble" near the transcription start site, an obligatory step in the formation of a transcriptionally competent promoter complex.
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gene protein 2 | promoter melting | inhibitor I n all cellular organisms, gene transcription, the first and most regulated step during gene expression, is catalyzed by the highly conserved multi-subunit DNA-dependent RNA polymerase (RNAP). The activity of RNAP is tightly controlled to enable the rapid switching of gene expression patterns in response to various cues. The RNAP of Escherichia coli, the most-studied RNAP, consists of five polypeptides (α 2 ββ′ω), which constitute the catalytic core (E). Specificity is conferred on the core by a dissociable sigma (σ) subunit, which converts E to the holoenzyme (Eσ) capable of promoter-specific transcription initiation (reviewed in ref. 1) . Most E. coli promoters with conserved sequences near positions −35 and −10 with respect to the transcription start site (the +1 site) are recognized by RNAP containing the major housekeeping σ factor, σ
70
, or a related σ 70 -family member. Under certain stress conditions, a small subset of E. coli promoters is used by the RNAP containing a major variant σ factor, σ 54 (reviewed in ref.
2). In addition, the bacterial RNAP can be controlled by an array of transcription regulatory proteins and small ligands that repress, stimulate, or modulate its activity to fine-tune gene expression profiles and ultimately satisfy the requirements for cell survival. Not surprisingly, bacteriophages (phages) have evolved strategies to alter the activity of bacterial (host) RNAP during infection to shift host resources towards the production of viral progeny. This modulation can occur in two ways, either through covalent modifications, such as phosphorylation or ADP ribosylation of target sites in the RNAP, or through low-molecular weight (MW) phageencoded proteins that bind to RNAP (3, 4) .
Infection of E. coli by T7 phage provides paradigmatic examples of how posttranslational modifications and low-MW phage-encoded RNAP-binding proteins are used to modulate the activity of host RNAP (5) . The gene expression program of T7 phage relies on both E. coli RNAP and the single-subunit T7 RNAP. Early T7 genes, including gene 0.7 (encoding Gp0.7) and gene 1 (encoding the T7 RNAP) are transcribed by E. coli RNAP; T7 RNAP subsequently transcribes middle T7 genes, including gene 2 (encoding Gp2), and the late T7 genes. Gp0.7 is a protein kinase that phosphorylates a specific threonine residue (T1068) in the evolutionarily variable region of the E. coli RNAP β′ subunit, called the β′ GNCD domain (6) . Gp2 comprises a polypeptide of 64 amino acid residues that binds to the structurally conserved RNAP β′ jaw domain (Fig. 1A) , a multifunctional domain that contributes to all stages of transcription (7) (8) (9) .
In the transcriptionally competent and competitor (heparin) resistant open promoter complex (RPo; Fig. 1A ), the β′ jaw forms (together with the β downstream lobe, β′ clamp, and β′ GNCD domains) a trough at the downstream face of the RNAP (hereinafter called the downstream DNA-binding channel), which accommodates the double-stranded DNA exiting the active site (hereinafter called the downstream DNA). Structural models based on protein-DNA cross-linking (10), fluorescence energy transfer studies (11) , and biochemical analyses of RNAP deleted for the β′ jaw (8) are consistent with the idea that the β′ jaw could have sequence-nonspecific interactions with bases of downstream DNA in the RPo and the transcribing complex (Fig. 1A) . Deletion of the E. coli β′ jaw (amino acids 1149-1190) confers Gp2 resistance, but this mutant RNAP forms significantly destabilized RPo (8) . Furthermore, charge-reversal point mutations in the β′ jaw (E1158K or E1188K) also confer resistance to Gp2 (Fig. 1A) (7) . It is thus conceivable that the function of Gp2 is to prevent stable RPo formation by the host RNAP. However, an earlier study (7) reported that recombinant Gp2 prevents promoter recognition by Eσ 70 and thus inhibits transcription by preventing formation of the early initiation intermediate RPc, an unstable closed promoter complex sensitive to heparin challenge (12) (Fig. 1B) .
The finer details of RNAP recognition and inhibition by Gp2 remain unknown. Here we describe the high resolution structure of this low-MW phage-encoded RNAP inhibitor. Molecular modeling shows that two evolutionary conserved surface-exposed arginine residues of Gp2 are ideally positioned for direct electrostatic interaction with the β′ jaw glutamates (E1188 and E1158) known to be important for Gp2 binding. Indeed, in vitro binding and transcription assays using a library of single-alanine Gp2 mutants, as well as in vivo complementation assays, have confirmed the importance of these arginine residues for Gp2 function. By combining structural and mutagenesis data and the results of biochemical functional assays, we put forward a model of RNAP inhibition by Gp2. We provide experimental evidence in support of this model, which envisions that Gp2 inhibits late step(s) during RPo formation by antagonizing the β′ jaw-downstream DNA interactions required for the formation and stable maintenance of the RPo. In particular, the binding of Gp2 to Eσ 70 seems to affect stable DNA strand separation near the +1 site.
Results
Structure Determination of T7 Gp2. The solution structure of Gp2 was determined using standard heteronuclear NMR methods. Backbone C α , C β , CO, N, and H N assignments were obtained from HNCACB/CBCA(CO)NH and HN(CA)CO/HNCO spectra, and side-chain assignments were obtained using HCCH total correlation spectroscopy (TOCSY) spectra. Using a combination of manual and automated NMR assignment methods using the ARIA program, a family of 20 structures was calculated ( Fig. S1 and Table S1 ). The sequence of Gp2 folds into a compact globular domain comprising a three-stranded β sheet that packs against an α-helix in a β 1 β 2 α 1 β 3 topology (Fig. 2) . The central β 2 strand is flanked by antiparallel β 1 and β 3 strands. A buried hydrophobic core can be defined by side chains of residues F16, A18, and V20 (β 1 ); I31 and A33 (β 2 ); A39 and A43 (α 1 ); and V54 and V57 (β 3 ). On the surface, a notable feature is the separation of negatively and positively charged residues on opposite sides of the molecule (Fig. 2) . Although the invariant R56 and R58 (Fig.  S2 ) at the C terminus are flanked by the side chains of E21 and E28, the remaining negative charges of E24, E34, D37, E38, E41, E44, and E53 form a contiguous strip of negative charges running the length of the α helix to the β 1 β 2 loop (Fig. 2) .
Invariant Arginines 56 and 58 at the C Terminus Are Essential for the Inhibitory Function of Gp2. The structure of Gp2 reveals two prominent arginine side chains protruding from the edge of the β 3 strand (Fig. 2) . The two residues are conserved in all known Gp2-like proteins encoded by various T7 relatives (Fig. S2 ). Based on this observation, we speculated that invariant R56 and R58 might be important for function. To evaluate the contribution of these residues, the inhibitory activity of R56A and R58A Gp2 mutants on Eσ 70 was measured in an in vitro transcription assay using a 65-bp DNA fragment containing the lacUV5 promoter sequence as the template. Under the conditions used here, this assay reports the ability of Eσ 70 to bind to the promoter, initiate DNA strand separation, and synthesize a tetranucleotide RNA transcript, ApApUpU (SI Materials and Methods and Fig. S3 ). Incubation of Eσ 70 with equimolar amounts of Gp2 WT before the addition of promoter DNA effectively abolished the synthesis of ApApUpU (Fig. 3A, lanes 1 and 2) . Gp2 R56A and Gp2
R58A
, when present at equimolar amounts to Eσ 70 , inhibited the synthesis of ApApUpU by only ∼20% and ∼40%, respectively (Fig. 3A, lanes 3 and 6) was less stable, because it did not survive native PAGE. We also tested the functionality of Gp2 mutants in vivo. Toward this end, E. coli cells harboring pET-based expression plasmids containing WT or mutant gene 2 were infected with T7 phage harboring an am64 amber mutation in gene 2 (13). T72am64 infections of WT E. coli cells are not productive, because Gp2 is essential for phage development. We expected that infection of E. coli cells harboring a plasmid with WT gene 2 would be productive, because T7 RNAP synthesized during early stages of infection should transcribe the plasmid-borne gene 2 recall that genes cloned in pET plasmids are under the control of a T7 RNAP promoter. Indeed, E. coli BL21 cells harboring the pSW33:Gp2 WT plasmid were productively infected by T72am64, as judged by the efficiency of plaque formation (EOP), calculated as the ratio of plaque observed on nonsuppressing hosts to plaque observed on suppressing hosts (Fig. 3C ). As expected based on the in vitro results, plaque formation by T72am64 on lawns of E. coli BL21 harboring the pSW33:Gp2 R56A and pSW33: R58A plasmids was less efficient (plating efficiencies 77% and 33% of the efficiency observed with cells harboring pSW33:Gp2 WT ; Fig. 3C ). The reduced in vivo activity of Gp2 R56A and Gp2 R58A closely correlates with their reduced activity in vitro, where, when present at equimolar conditions with RNAP, they inhibit transcription by ∼20% and ∼40%, respectively (Fig. 3A, lanes 3 and 6) . These findings confirm that arginine residues at positions 56 and 58 are important for Gp2 function both in vivo and in vitro.
Interaction Between Gp2 and Host RNAP Involves an Electrostatic
Component. Previous experiments identifying Gp2-resistant RNAP mutants containing charge-reversal substitutions at E1188K or E1158K within the β′ jaw (7) suggested that the interaction of Gp2 with host RNAP could have a significant electrostatic component.
Our results showing that R56 and R58 are important for the binding of Gp2 to RNAP lend support to this idea. To evaluate the contribution of the charge at positions 56 and 58 to Gp2 function, we constructed R to E (charge-reversed) and R to K (chargemaintained) single mutants, as well as the corresponding double mutants R56/58E and R56/58K. As shown in Fig. 3C , plating efficiencies of T72am64 on lawns of E. coli cells expressing Gp2 mutants with charge-altering substitutions were reduced by ∼85%-90% compared with that on E. coli cells expressing Gp2
WT . The plating efficiency on cells expressing R to K substitutions was less affected (a reduction of 3-fold or less). These findings are consistent with the view that the Gp2-RNAP interaction contains a significant electrostatic component, although introduction of lysines instead of Gp2 arginines at positions 56 and/or R58 affects the function as well.
Alanine Scanning of Gp2 Reveals Functional Contributions of Each
Amino Acid Position. To identify other amino acids involved in the interaction of Gp2 with Eσ 70 , we extended the in vitro transcription assay to a library of Gp2 mutants containing an alanine substitution at every position, excluding the starting methionine and six alanines found in the WT sequence. The results are summarized in Fig. S4A , where the ability of each mutant to inhibit Eσ 70 at a 1:1 molar ratio is reported as percentage of activity relative to Eσ 70 activity in the absence of Gp2. Gp2 mutants that inhibited Eσ 70 by ≥90% were considered to have WT activity. Apart from residues R56 and R58, deleterious mutations were observed predominantly in residues buried within the hydrophobic core of Gp2 (Fig. S4 A and B) . Alanine substitutions of buried residues F16, I31, V54, and V57 and partially exposed F52 could destabilize the structure of Gp2 by disrupting the hydrophobic core. The introduction of an alanine residue instead of G51 also likely affects Gp2 folding, because it could impair the ability of the polypeptide to form a turn connecting α 1 and β 3 . Indeed, native gel migration properties of 32 Plabeled versions of I31A, F16A, G51A, F52A, V54A, and V57A Gp2 mutants were markedly different from those of WT Gp2, indicating that alanine substitutions at these positions affect the overall structural integrity of Gp2 (Fig. S4C ).
The proton ( 1 H) NMR spectrum of Gp2 WT is characteristic of a small, folded domain, as judged by the dispersion of resonances below ∼0.5 ppm (corresponding to Hγ1 and Hγ2 protons from V20 at −0.126 and 0.046 ppm, respectively; Fig. S4D ). These resonances typically represent buried protons of methyls or methylenes in hydrophobic cores. Their frequencies are shifted by electronic ring currents from the plane of a neighboring aromatic side chain. Similarly, there was good dispersion of resonances in the amide and aromatic regions (∼6.5-9 ppm). These features were retained in the spectra of Gp2 R56A and Gp2
R58A (and at least in part in Gp2 V57A ), indicating that removal of these side chains does not abolish the native structure. In contrast, this pattern of resonances was lost in the spectrum of Gp2 F16A , confirming that the structure is significantly disrupted by mutation (Fig. S4D ).
Gp2 proteins with alanine substitutions at positions I31, F16, G51, F52, V54, and V57 were able to inhibit Eσ 70 to some extent, indicating that a fraction of folded protein is retained in these mutants or that their folding is coupled to association with Eσ 70 . Overall, the functional screen of the alanine scan library revealed that Gp2 is rather resilient to site-specific mutations, with no strong correlation between positions showing a phenotype and the degree of sequence conservation in Gp2-like proteins. The results also confirm that arginine residues at positions 56 and 58 Fig. 2 . NMR-derived three-dimensional structure of Gp2. The left panel shows a ribbon representation of Gp2 indicating the side chains of the negatively charged amino acid residues and the conserved arginines at positions 56 (red) and 58 (blue). The middle and right panels show two views of the molecular surface of Gp2 (in the same orientation as the ribbon form) color-coded according to a basic electrostatic surface distribution, calculated using the vacuum electrostatics program in Pymol, version 0.99rc6. WT is given (%C). In A and B, the molar ratio of Gp2 present with respect to Eσ 70 in each lane is shown at the top. (C ) Plating efficiency of T72 AM64 phage on E. coli strain BL21 transformed with pSW33gp2 encoding mutant Gp2 proteins with the R to E and R to K substitutions at positions 56 and/or 58.
within the C-terminal region of Gp2 are the principal functional determinants for the binding and inhibition of host RNAP.
Gp2 Inhibits Transcription by Antagonizing RPo Formation. To better understand how Gp2 inhibits Eσ 70 , we developed a restraintdriven model of the Gp2-RNAP complex based on mutagenesis experiments, our NMR structure, and the earlier observation that binding of Gp2 does not induce large-scale structural changes in RNAP (14) . In this model (Fig. 4A and SI Materials and Methods), Gp2 is bound to the β′ jaw such that it projects the negatively charged side chains of residues E21, E28, E34, D37, E38, E41, E44 and E53 into the downstream DNA-binding channel. We envisage that the negative charge introduced in the downstream DNA-binding channel repels the negatively charged DNA, thereby preventing efficient and stable RPo formation and leading to transcription inhibition. In addition, Gp2 also could sterically antagonize conformational rearrangements in the DNA-binding channel that are required for accommodation of downstream DNA and stable RPo formation (see earlier). Irrespective of a particular mechanism, the presence of Gp2 in the DNA-binding channel should shift the RPc-RPo equilibrium away from RPo. To test this view, we determined whether preopening of promoter DNA, which mimics the conformation of DNA in RPo, could allow Eσ 70 to overcome inhibition by Gp2. We conducted experiments with linear lacUV5 templates containing a range of heteroduplex segments between positions −10 and +3 (with respect to the +1 site). The lacUV5 probe 1 contains a WT nontemplate strand sequence and the template strand with noncomplementary sequence from −10 to +3, whereas lacUV5 probe 2 contains a WT template strand sequence and a nontemplate strand with noncomplementary sequence from −10 to +3 (SI Materials and Methods). Because the consensus −10 sequence recognized by Eσ 70 is partially disrupted in probe 2, we used a native gel shift assay to demonstrate that Eσ 70 forms heparin-resistant RPo on both probes (Fig. 4B,  lanes 5 and 8) . In line with our expectations, complex formation on both probes was markedly more Gp2-resistant-∼85% and ∼40% more activity, respectively, in the presence of Gp2 than was observed with native lacUV5 template under the same conditions (∼2-fold molar excess of Gp2 over Eσ 70 ; Fig. 4B , lanes 3, 6, and 9). Because probe 2 preserves the WT +1 site sequence, it was used in the in vitro transcription assay. Consistent with the native gel shift results, Eσ 70 remained highly active on this probe even in the presence of ∼10-fold molar excess of Gp2 (Fig. 4C,  lanes 4-6) . The addition of Gp2 to preformed transcriptionally competent promoter complexes on heteroduplex lacUV5 probe 2 also had little effect on the amount of ApApUpU synthesized by Eσ 70 (Fig. 4D) . Additional data suggested that Gp2 was no longer bound to (and thus did not interact with) RNAP in transcriptionally competent promoter complexes formed on heteroduplex lacUV5 probe 2 ( Fig. S5 and SI Experiment 1) . Thus, preopening of promoter DNA facilitates displacement of Gp2, presumably by facilitating the interaction of downstream DNA with the β′ jaw and/or other RNAP elements of the downstream DNA-binding channel.
Because nucleation of DNA strand separation during RPo formation occurs around position −10 and then extends beyond the +3 position in fully formed RPo, we extended our analysis to determine the position and the length of the heteroduplex segment sufficient to overcome inhibition by Gp2. In vitro transcription assays were conducted with linear lacUV5 templates containing heteroduplex segments formed due to nonnative nontemplate strand sequences extending from −10 to −6 (probe 3), from −5 to −1 (probe 4), from −3 to −1 (probe 5), and from +1 to +3 (probe 6) (Fig. S3A) . In the absence of Gp2, Eσ 70 effectively synthesized ApApUpU from each of these templates (Fig. 4E,  lanes 1, 3, 5, and 7) . In the presence of ∼2-fold molar excess of Gp2 over Eσ 70 , complete inhibition of ApApUpU synthesis was seen only in reactions with probe 3 (Fig. 4E, lane 2) . In contrast, Gp2 was able to inhibit ApApUpU synthesis by Eσ 70 by only ∼70%-60% in reactions with templates containing +1 siteproximal heteroduplex segments (probes 4-6) (Fig. 4E, lanes 4, 6,  and 8 ). Because Eσ 70 can transcribe with varying degrees of efficiency from premelted promoter templates in the presence of Gp2, we conclude that Gp2 does not inhibit RPc formation (Discussion). Instead, Gp2 must be inhibiting Eσ 70 at a step after RPc formation. The locations of premelted segments that allow Eσ 70 to overcome Gp2 inhibition suggest that interactions antagonized by Gp2 occur at a step after the nucleation of promoter melting and are required for stable DNA strand separation near the +1 site.
Discussion
In bacteria, the regulation of RNAP activity is often accomplished by DNA-binding transcription regulatory factors. Gp2 is a phage T7-encoded, non-DNA-binding transcription factor that is a potent inhibitor of the E. coli Eσ 70 . Our analyses have revealed that two arginine residues (R56 and R58), which are conserved in all Gp2-like proteins, are essential for binding to and inhibition of Eσ 70 and the interaction between Gp2 and the β′ jaw. Our results indicate that the interaction between Gp2 and the host RNAP likely involve a major electrostatic component, consistent with the view that the Gp2-RNAP complex is saltsensitive (7). The striking charge separation on the surface of Gp2 is likely to be important for the binding of Gp2 to the β′ jaw and also for Gp2's function as a transcription inhibitor. During RPo formation, interactions of promoter DNA with the catalytic cleft of the RNAP cause DNA to kink sharply in the −10 region, resulting in loading of the largely double-stranded DNA into the catalytic cleft of the RNAP, followed by nucleation of DNA strand separation (15) . The transcription-competent and fully heparin-resistant RPo status is acquired when the "jaws" of the RNAP close onto the DNA and the DNA is unwound from approximately −10 to +3, thus creating a mature "transcription bubble." In RPo, downstream DNA is secured in the RNAP downstream DNA-binding channel (Fig. 1A) . In RPo formed by Eσ 70 , contacts with downstream DNA proximal to the +1 site (∼ +5 to +8) are likely to be made by the β lobe and β′ clamp domains, whereas distal contacts (∼ +10 to +20) with downstream DNA are likely to be made by the β′ jaw, β′ GNCD, and β′ clamp domains (Fig. 1A) (10, 11) . Because Eσ 70 lacking the β′ jaw, β′ GNCD, or β lobe domain, or containing deletions in the β′ clamp domain, form RPo with a markedly reduced half-life (8, (16) (17) (18) , it is conceivable that interaction between the downstream DNA and the downstream DNA-binding channel contribute to stable propagation of DNA strand separation during RPo formation. Our results are consistent with this view and suggest that the binding of Gp2 to the β′ jaw could prevent interactions between the β′ jaw and downstream DNA and/or conformational changes in the downstream DNA-binding channel required for accommodation of downstream DNA. Both scenarios would antagonize formation and/or stable maintenance of RPo and thus lead to effective inhibition of transcription. The asymmetric distribution of charged residues in Gp2 and our structural model of the Eσ 70 -Gp2 complex suggest that electrostatic repulsion between the negatively charged DNA and the negatively charged surface of Gp2 (formed by residues E21, E28, E34, D37, E38, E41, E44, and E53), which is projected into the downstream DNA-binding channel, could be one basis for how Gp2 antagonizes RPo formation. Notably, the mutagenesis data suggest that removing any one of the negatively charged side chains at positions E21, E28, E34, D37, E38, E41, E44, or E53 has no detectable effect on the ability of Gp2 to inhibit Eσ 70 . This result is consistent with the view that Gp2 electrostatically repels downstream DNA during RPo formation, because substitution of any one negatively charged residue would not alter the surface electrostatic distribution of Gp2 significantly. However, we do not discount an alternate possibility, that the binding of Gp2 to the β′ jaw per se also sterically antagonizes, at some point during RPo formation, the conformational rearrangement in the downstream DNA-binding channel necessary to accommodate the downstream DNA.
The ability of Eσ 70 to overcome inhibition by Gp2 on preopened (heteroduplex) promoter templates suggests that during the transition from RPc and RPo, preopening the promoter shifts the equilibrium toward RPo. Because Gp2 does not bind RPo [formed on native templates (7)], it ceases to be an effective inhibitor of transcription from heteroduplex templates and in fact is displaced from the β′ jaw ( Fig. S5 and SI Experiment 1) . The near-identical protection of DNA downstream of the +1 site in transcriptionally competent and heparin-resistant promoter complexes formed on heteroduplex lacUV5 probe 2 in the presence and absence of Gp2 (Fig. S6) further supports the idea that Gp2 is displaced on the formation of transcriptionally competent promoter complexes, and that downstream DNA follows the same path through RNAP in the absence and presence of Gp2. Apparently on native, fully double-stranded templates, there is insufficient binding energy to initiate DNA strand separation and displace Gp2, which are required for RPo formation (Fig. S5A) .
The results indicate that Gp2 does not prevent promoter recognition by Eσ 70 and thus does not inhibit RPc formation, but rather affects later steps en route to RPo. Indeed, experiments conducted with the native and heteroduplex probes 1 and 2 lacUV5 promoter templates at ∼4°C to determine whether Gp2 inhibits RPc formation indicated that the RPc formed on native and heteroduplex probes 1 and 2 lacUV5 promoter templates is resistant to inhibition by Gp2 (Fig. S7A and SI Experiment 2) . The near-identical protection of the native lacUV5 promoter by Eσ 70 in RPc in the presence and absence of Gp2 (Fig. S7B ) further corroborates the view that Gp2 has no detectable effect on RPc formation. In addition, the observation that Gp2 does not inhibit RPc formation by a Gp2-sensitive form of Eσ 54 (and can bind to Eσ 54 in RPc) (19) is consistent with idea that Gp2 inhibits steps after RPc formation at most promoters.
The results with promoter templates containing heteroduplex segments of different lengths and locations with respect to the +1 site suggest that the step(s) inhibited by Gp2 relate to a late stage during RPo formation that is associated with stable opening of promoter DNA around the +1 site. Because the Gp2 binding site (β′ jaw) and the +1 site (at the active center of the RNAP) in the RPo are >30 Å apart, it seems that interactions between the β′ jaw and the downstream DNA are important for stable DNA strand separation around the +1 site. This conclusion is consistent with a previous result demonstrating that the half-life of RPo formed by Eσ 70 (and Eσ 54 ) lacking the β' jaw was markedly improved on the lacUV5 and Sinorhizobium meliloti nifH promoter templates containing +1 site proximal heteroduplex segments compared with the native promoter template (9), and also As in C, but Gp2 was added to the reactions after transcriptionally competent promoter complexes had formed on native (lanes 2 and 3) and heteroduplex probe 2 (lanes 5 and 6) lacUV5 promoter templates. (E) As in C, but assays were conducted with lacUV5 promoter templates containing heteroduplex segments of different lengths and at different positions with respect to the transcription start site (probes 3-6; see text). In B-E, the lacUV5 promoter templates used are shown schematically with the positions and lengths of the heteroduplex segment indicated with respect to +1 site (indicated by the red asterisk).
with a study suggesting a genetic link between residues in the β′ jaw and the active site of the RNAP (20) .
Each stage of the bacterial transcriptional cycle is targeted by phage-encoded host RNAP-binding regulatory proteins (4) . Many phage transcription regulators function as alternative σ factors and redirect host RNAP to transcribe phage genes to support phage development and thereby affect a step associated with RPc formation at bacterial promoters. Other such regulators affect steps associated with transcription elongation by host RNAP (4). The inhibition of E. coli RNAP by T7 phage Gp2 provides a novel example of transcription regulation by a phageencoded transcription regulator at the RPo formation step. Our results provide a structural and functional framework for unraveling the mechanism of inhibition of host RNAP by Gp2. Time-resolved analyses of RNAP-promoter DNA interactions, DNA strand separation, and RNAP-Gp2 interactions by rapidfootprinting methods are currently underway to precisely define the steps en route to the RPo inhibited by Gp2.
Materials and Methods
Proteins. All of the proteins used in this work were prepared essentially as described previously (7, 19) . Detailed descriptions are provided in SI Materials and Methods.
In Vitro Transcription Assays. The 10-μL reactions were conducted using final concentrations of 75 nM Eσ 70 , 20 nM promoter DNA, 0.5 mM dinucleotide primer ApA, 100 μg/mL of heparin, 3 μCi of [α-
32 P]-UTP, and 0.5 μM UTP in buffer R [10 mM Tris-Cl (pH 8), 10 mM MgCl 2 , 1 mM DTT, and 100 mM NaCl]. Unless stated otherwise, Gp2 (at concentrations indicated in the figures and text) and Eσ 70 were always preincubated before the promoter DNA was added to the reaction. A detailed description of the assay is provided in SI Materials and Methods.
Native Gel Mobility Assays. All native mobility shift assays were conducted essentially as described previously (19, 21) . Binding reactions (10 μL) were set up in buffer R at 37°C and analyzed on a 4.5% (wt/vol) native polyacrylamide gel. The gel was run for 45-60 min at 100 V and then dried.
Proteins or protein-DNA complexes were visualized and quantified using a Fuji PhosphorImager. For the experiments shown in Fig. 3B, 75 Fig. S4C , 300 nM 32 P-Gp2 was incubated for 5 min at 37°C for buffer R before electrophoresis. For the experiments shown in Fig.  4B , 75 nM Eσ 70 was incubated with 20 nM 32 P-labeled promoter DNA fragment to allow promoter complex formation. Before electrophoresis, 100 μg/ mL of heparin was added to the reaction for 5 min. The reaction products were resolved on a native gel kept at ∼37°C in a water bath.
EOP Assays. The EOP assays were conducted as described in detail in SI Materials and Methods.
NMR Spectroscopy and Structure Calculation. Backbone and side-chain assignments were completed using standard double-and triple-resonance assignment methodology (22) . H α and H β assignments were obtained using HBHA(CBCACO)NH. The side-chain assignments were completed using HCCH TOCSY and (H)CC(CO)NH TOCSY. C Nuclear Overhauser Effect Spectroscopy (NOESY)-Heteronuclear Multiple Quantum Coherence (HSQC) experiments (mixing time, 100 ms at 800 MHz) provided the distance restraints used in the final structure calculation. The ARIA protocol (23) was used for completion of the NOE assignment and structure calculation. A total of 1,037 NOE-derived distances (comprising 819 unambiguous restraints and 218 ambiguous restraints) were assigned from 13 C-and 15 N-edited spectra. Dihedral angle restraints derived from TALOS were implemented as well (24) . The frequency window tolerances for assigning NOEs were ±0.03 ppm for direct proton dimensions and ±0.04 ppm for indirect proton dimensions, and ±0.5 ppm for nitrogen dimensions and ±1.2 ppm for carbon dimensions. The ARIA parameters p, Tv, and Nv were set to default values. The 20 lowestenergy structures had no NOE violations >0.5 Å and no dihedral angle violations >5°. The structural statistics are presented in Table S1 .
